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1. Introduction {#s0005}
===============

In early 2020, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-Cov-2) spread across the globe, causing more than 20 million infections and 700,000 deaths as of Aug 13, 2020 ([@bb0005]) Coronavirus can spread through the air and survives on various surfaces for considerable periods. On June 18, Beijing reported new incidents related to the Xinfadi Market cluster ([@bb0030]) COVID-19 was discovered on the surface of chopping boards used for imported salmon at the Xinfadi food market, providing that COVID-19 could survive on material surfaces.

Previous researches reported that the COVID-19 virus can inhabit the surface of materials in wards ([@bb0015]; [@bb0040]; [@bb0035]). These researchers confirmed the virus by real time reverse transcription polymerase chain reaction (RT-PCR), which typically performs deactivation, nucleic acid extraction, and RT-PCR amplification of the collected samples. However, nucleic acid extraction risks nucleic acid losses and places high demands on the detection limit. Furthermore, the whole nucleic-acid extraction and amplification process requires approximately 2.5--4 h for one batch of detection. Therefore, a rapid detection method should be applied for on-site COVID-19 identification in the environment. Loop-mediated isothermal amplification (LAMP) has achieved brilliant performance in pathogenic virus detection, accomplishing amplification within 45 min ([@bb0025]). LAMP assay also performs nucleic acid amplification without requiring nucleic acid extraction ([@bb0020]), thus preventing RNA damage through a tedious process. For these reasons, we applied LAMP in our present report on surface-contamination detection.

Patients with confirmed COVID-19 are retained for over two weeks in rooms with many living and medical apparatuses. Nosocomial transmission plays a major role in viral spread and infection, especially in wards. Confirmed patients living in the ward can spread viruses through coughing or even shortness of breath ([@bb0010]). Exhaled virus particles can sediment on the surface of materials in the wards. The transmission and distribution of coronavirus are still unclear and remain under investigation. By systematically learning how viruses contaminate surfaces, we could better control the spread of the virus and avoid cross-infection among patients or between patients and medical care workers.

Applying the extraction-free LAMP-based detection method, we performed an on-site surface contamination analysis in wards. Multiple surface contamination samples were collected from different wards before the daily cleaning and disinfection processes. After assessing the risk of contamination on different surfaces, we provide recommendations for cleaning.

2. Material and methods {#s0010}
=======================

2.1. Study design and surface contamination collection {#s0015}
------------------------------------------------------

This experiment aimed to determine the concentration of surface contaminants in wards of the Chengdu Center of Disease Control (Chengdu CDC), which has been designated for the treatment of COVID-19 patients during the disease outbreak. Samples were collected from seven sites: 1) bedrail; 2) bedside cupboard; 3) chairs; 4) door handles of the bathroom; 5) light switches; 6) remote controller or beeper; 7) fingertip of electrocardiograph (ECG) monitoring. The samples were collected on 18th, 19th and 24th Mar, 27th and 28th Apr of 2020. The sampling site was illustrated in [Fig. 1](#f0005){ref-type="fig"} (a). The correspondences between patient clinical information and collected samples were listed in Table S.2.Fig. 1Illustration of the sampling sites and detection process. (a) Layout of the sampling ward. Each room contains 2 beds with chairs and a bedside cupboard. The sampling sites are labeled 1--7. (b) Detection process of the surface contaminants. The test surface was wiped with a wetted cotton swab. The swab was then immersed in 3 mL sodium chloride solution. From this solution, a 5 μL sample was pipetted into the reaction solution.Fig. 1

The surface contamination samples were collected as described Index A of the Hygienic Standard for Disinfection in Hospital (Chinese National Standard, GB 15892-2012). Briefly, a 5 cm × 5 cm standard scale board was placed on the surface of sampling material, and the surface was evenly rubbed within the 25-cm^2^ area with a cotton swab wetted with 0.9% sodium chloride. After swiping, the cotton swab was immersed in 1 mL 0.9% sodium chloride solution prepared for nucleic-acid amplification detection.

2.2. Analytical method {#s0020}
----------------------

The collected surface-contamination samples were immediately transferred to the BSL-2 laboratory next to the Chengdu CDC wards for analysis. Viral contamination was detected by a nucleic acid extraction-free isothermal detection kit, specifically, a novel coronavirus real-time isothermal amplification kit (Cat. No. PCSYHE), acquired from Shanghai Fosun Long March Medical Science Co., Ltd. and certificated by CE-IVD (Ref No. 8821-2020). Details of the detection kit are available at <http://en.lm-diagnostics.com.cn/prod_view.aspx?nid=3&typeid=89&id=573>. The kit applies the LAMP technique and targets the N and S genes of the SARS-Cov-2 genome for clinical diagnostic use. Here, we detected contamination by the presence of the N gene, whose sequence is shown in Table S1.

The detection process was performed following manufacturer\'s instructions. For each batch, we prepared sufficient reaction reagent for *n* tested samples plus two control samples. That is, *n* × 1 μL of Bst enzyme, *n* × 1 μL of RT II enzyme, and *n* × 18 μL of COVID-19 gene reaction reagent were added to a centrifuge tube, mixed by shaking, and centrifuged at low speed for a few seconds. After separation, 20 μL aliquots were pipetted into PCR reaction tubes. The reaction tubes could be placed at 2--8 °C for 3 h at most after separation. Next, 5 μL of the samples were added to different PCR reaction tubes. A 5-μL Negative Control and 5 μL-Positive Control were added to the control wells.

The reaction mixture was mixed by shaking and centrifuging at low speed for a few seconds. The amplification process was performed in the authorized real-time nucleic acid amplification instrument (Cat. No. PCIPAA, Shanghai Fosun Long March Medical Science Co., Ltd., Fig. S1). The device is powered by chargeable batteries and is entirely portable. Nucleic acid amplification was implemented at 63 °C for 30 min. The signal of the SYBR or FAM channel was collected every 30 s.

The times at which the fluorescent intensity exceeded the default detection threshold of the device were recorded as the threshold times *T* ~*t*~. The *T* ~*t*~ values provided a reference for the results. The amplification curve of a positive result should follow a typical logistic curve and the Tt should be less than 30.

2.3. Data analysis {#s0025}
------------------

The *T* ~*t*~ of each sample taken from each surface was recorded. The *T* ~*t*~ reflects the relative concentration of nucleic acid on the surfaces; specifically, it decreases with increasing concentration of nucleic acid.

The relationships between two different sampling sites were analyzed by the Kendall algorithm. Positive and negative results were labeled as 1 and 0, respectively. The correlation coefficient and *p*-value were calculated for each relationship.

3. Results and discussion {#s0030}
=========================

The established method detects surface contaminants on-site, and is labor-saving because it requires no RNA extraction step. Following the protocol, the whole detection process was completed on-site within 45 min. The labor-intensive RNA extraction step is replaced by a simple reaction MIX preparation, and addition of the sample elution into the reaction MIX. The detection kit integrates the nucleic-acid releasing reagents with the reaction MIX, achieving fast amplification. Detection can be performed by a standard isothermal amplification instrument with a FAM channel, or a standard real-time PCR instrument. Furthermore, as described in the kit instruction, the detection sensitivity reached 20 copies/reaction, satisfying the demands of surface- contamination sample detection.

The detection results of the different cases and sampling sites are summarized in [Fig. 2](#f0010){ref-type="fig"} and Table S.1. The color intensities of the blocks represent the *T* ~*t*~ values of the real-time isothermal amplification process (ranging from red at *T* ~*t*~ \~0, pink at intermediate *T* ~*t*~, to white at high *T* ~*t*~). Intense red indicates a high concentration of the virus.Fig. 2Amplification results in all cases. *Tt* values of 31 cases paired with different contaminated surfaces. Scale bar ranges from intense red (*Tt* \~0) to white (high *Tt*). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

Thirty-one surface-contamination samples were collected from 18 Mar to 28 April of 2020. Among the samples, nine confirmed cases reported no surface contamination sites (no positive amplification results), five cases reported two contamination sites, three cases reported three contamination sites, three cases reported four contamination sites, and three cases reported six contamination sites. Generally, the live COVID-19 positive rate of surface contamination by confirmed SARS-Cov-2 cases exceeded 70%, indicating a high risk of cross-infection from various surfaces in isolation wards.

Sixteen of the positive results (72.7% of all positive cases) were reported from the ECG fingertip, where the virus was also more concentrated than on the other surfaces. We believe that ECG fingertips are high-risk surfaces for spreading the virus, and should be targeted for extra cleaning. The second risk to virus control in patients\' rooms was the bedrail. Ten samples from the bedrail yielded a positive amplification result, most likely transferred by the patients themselves. Patients prefer to grab the bedrail when rising or lying down in wards. The above were defined as ultrahigh-contamination risk surfaces. Seven samples from the beeper (remote controller) and seven cases from the cupboard also reported positive results.

Second, the correlations between the sampling sites were analyzed and the results are presented in [Fig. 3](#f0015){ref-type="fig"} . The highest correlation (0.78, *p*-value 1.81 × 10^-5^) was found between the bedrail and cupboard, meaning that the positive results from bedrail surfaces were highly relevant to the detection results from cupboards. Meanwhile, bedrail contamination was positively correlated with three other surface contaminations, more than any other surface. In future surface-contamination detection works, the bedrail should be listed as the most frequent detection site. The results from the bedrail might reflect the contamination degree, providing guidance for medical care advice.Fig. 3Relationship between detection results in different sites. Correlations between two sampling sites. The numbers in the blocks are the correlations between the paired surfaces (*p*-value \<0.05). Blank blocks denote no significant correlation between the contamination results of the paired surfaces.Fig. 3

The five positive samples from the handles were 100% associated with positive results from the ECG fingertips positive results. Four positive cases from the handles were also associated with positive results from bedrails, and three cases were associated with positive results from cupboards and light switches. Therefore, a surface contamination sample from the door handle can be interpreted as an ultra-high risk label. In daily monitoring, the bathroom door handles should be swabbed and analyzed. When the samples from a door handle report positive results, the corresponding ward poses an enhanced hygienic challenge.

Three of the collected samples (samples \#0324-27, \#0324-11, and \#0427-L5) presented on six contaminated surfaces. All of these confirmed cases came from outside mainland China and presented positive symptoms. On a 1--4 scale of clinical severity, where type 1 denotes mild cases and type 4 represents the severest cases, sample \#0324-27 was classified as type 2, and samples \#0324-11 and \#0427-L5 were classified as type 3. The clinical symptoms might influence the contamination degree and infection risk. Further research on these relationships is ongoing.

4. Conclusion {#s0035}
=============

We successfully applied an extraction-free SARS-Cov-2 isothermal amplification detection method to on-site analysis of surface contamination by COVID-19 patients in wards. For each confirmed case, seven sites in the ward were collected and analyzed. The detection process is efficient and labor-saving, as desired for on-site COVID-19 contamination detection. Among 31 cases collected from 18 March to 27 April of 2020, 72.7% reported positive amplifications on the ECG fingertip, indicating that this surface is an important hygiene site.

The correlation results also confirmed that bedrails should be regularly monitored, as contamination on bedrail surfaces is relevant to many other contaminated surfaces. Meanwhile, bathroom door handles were recognized as alert factors of high contamination risk. These results and the applied techniques provide a further reference for disease control and hygiene suggestions. Virus monitoring should be added as a routine procedure in ward management. The door handles and fingertips of ECG monitors should be sampled daily for contamination analysis. If the sample from a door handle obtains a positive result, a more precise and thorough cleaning should be performed. As surface contamination may cause nosocomial viral infection, general cleaning is mandatory in wards.

Although the analysis can be performed by standard real-time PCR instruments, simpler isothermal amplification fluorescent instruments are suggested for on-site analysis, as they are less expensive, smaller in size, and more easily transported than standard PCR instruments. In future works, we will analyze the relationship between different clinical symptoms and surface contamination, which may reveal the transmission mode of COVID-19 in wards.
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